Introduction
Cholesterol constitutes the vast majority of sterols in the plasma membrane of mammalian cells, by which maintains appropriate fluidity and permeability (Cyster JG et al., 2014; Ikonen E, 2008) . Oxysterols are natural compounds of cholesterol metabolism that play important physiological roles including biosynthesis of bile acids (Russell DW, 2003) and steroid hormones (Nes WD et al., 2000) , the trafficking of cholesterol within and between tissues (Russell DW, 2000) , regulation of innate and adaptive immunity (Cyster JG, et al., 2014) , and the pathogenesis of chronic diseases such as Alzheimer's disease (Shibata N et al., 2006) and atherosclerosis (Carter CJ, 2007) . The oxysterol 25-hydroxycholesterol (25-HC) is mainly synthesized from cholesterol by the endoplasmic reticulum (ER)-associated multi-transmembrane glycoprotein, cholesterol-25-hydroxylase (CH25H) (Cyster JG, et al., 2014; Lund EG et al., 1998) . In addition to the established role in cholesterol homeostasis, 25-HC has been shown to modulate inflammatory responses (Gold ES et al., 2014; Jang J et al., 2016) , oxidative stress (Dugas B et al., 2010) , and glial cell events in normal or pathological nervous system (Bochelen D et al., 1995; Makoukji J et al., 2011) . In contrary to the abundant distribution of cholesterol 27-hydroxylase (CYP27A1) in various tissues, CH25H, together with cholesterol 46-hydroxylase (CYP46A1) are present in trace amounts within mammalian tissues (Russell DW, 2000) . However, Ch25H can be rapidly induced in peripheral tissues including heart, muscle, kidney, lung, and liver upon exposure to several inflammatory cytokines, such as lipopolysaccharide (LPS) and type I IFN (Diczfalusy U et al., 2009; Park K and Scott AL, 2010) , and macrophages are supposed to be a rich source of inducible CH25H in these tissues (Bauman DR et al., 2009; Diczfalusy U, et al., 2009 ).
Accumulative evidence has also shown that traumatic or pathological nerve tissues are able to markedly upregulate the expression of CH25H, which contributes to dysmyelination-associated diseases (Jang J, et al., 2016; Makoukji J, et al., 2011) . To date, the mechanism of cytokine-induced CH25H expression in specific cell types, as well as the potential targets for 25-HC action in the nervous system has not been fully elucidated.
Acute traumatic injury of central nervous system (CNS) will causes complex sequence of pathophysiological responses, including disruption of the blood vessels, infiltration of massive lymphocytes and macrophages, death of neurons and oligodendrocytes, as well as
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4 formation of glial scar by activated astrocytes (Gadani SP et al., 2015; Sofroniew MV, 2018) .
Astrocytes have been suggested to be one of important cell sources for cholesterol synthesis and maintaining the cholesterol homeostasis for normal CNS function (Ferris HA et al., 2017) , they also play an important role in cholesterol metabolism (van Deijk AF et al., 2017) . For example, the increased expression of Ch25H and CYP7B1 is observed following LPS challenge of astrocytes, in line with the increased levels of 25-HC, 7α, 25-HC, and 7α, 27-HC (Mutemberezi V et al., 2018) . Injury of the CNS can result in a compromised cholesterol homeostasis, characterized by the increased cholesterol content from membrane debris of neuronal damage or proliferation of glial cells (Kamada H et al., 2003; Kay AD et al., 2003) .
Given the release of a vast amount of pro-inflammatory cytokines and a rapid induction of cholesterol synthesis following CNS lesion, it is reasonable to assume that astrocytes will initiate an oxidization of the excessive cholesterol through upregulation of CH25H and/or other cholesterol hydroxylase. However, less is known about the mechanism of pro-inflammatory cytokines-induced expression of CH25H in astrocytes, as well as the effects of derivative 25-HC on the injured CNS.
Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine expressed not only in the immune system, but also ubiquitously expressed by a variety of other cells including monocytes, macrophages, fibroblasts, insulin secreting β-cells of the pancreas, pituitary cells, and endothelial cells (Calandra T and Roger T, 2003) . MIF has been shown to be inducibly expressed in astrocytes, neurons, and microglia following spinal cord injury (Chalimoniuk M et al., 2006; Koda M et al., 2004; Nishio Y et al., 2009 ). This multi-functional cytokine contributes to proliferation, inflammatory activation and chemotaxis of astrocytes, besides its function in inducing neuronal death and activating inflammatory episodes of microglia (Su Y et al., 2017; Zhou Y et al., 2018) . The physiological effects produced by MIF, results from its interaction with CD74 surface receptor which forms a receptor complex with CXCR2 and CXCR4 to elicit intracellular signaling (Bernhagen J et al., 2007; Leng L et al., 2003) . A recent study has demonstrated that MIF/CD74 axis activates intracellular MAPKs of astrocytes to promote production of CCL5, leading to enhanced chemotaxis for macrophages following SCI (Zhou Y, et al., 2018) . We therefore supposed that astrocyte-mediated cholesterol metabolism may be associated with the activation of MIF/CD74 axis, through 
Establishment of contusion SCI rat model
The number of animals subjected to surgical treatment was calculated by six per experimental group in triplicate. Contusion SCI rat model was prepared as described previously (Chehrehasa F et al., 2014) . Briefly, rats were anesthetized with an intraperitoneal injection of 10% chloral hydrate (3 mg/kg). After the fur was shaved and the skin was disinfected with chlorhexidine, a 15-mm midline skin incision was made to expose the vertebral column. The spinous processes of T8-T10 vertebrae were then exposed, followed by a laminectomy at vertebral level T9. The exposed spinal cord segment (about 3 mm in length) received a 150-kilodyne spinal contusion injury using the IH-0400 Impactor (Precision Systems and Instrumentation) injury device. The impact rod was lifted immediately, and the wound was irrigated. For drug delivery, eight μl of 100 mM 4-IPP or vehicle were injected intrathecally.
Muscles and skin were sutured with silk threads. Postoperative care included butorphanol administration twice a day for a 5-day period, as well as vitamins, saline, and enrofloxacin twice a day for a 7-day period. Manual expression of bladders was performed twice a day until animals recovered spontaneous voiding.
Cell culture
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Astrocytes were prepared from spinal cord of newborn Sprague-Dawley rats, 1-2 days after birth according to previously described methods (Liu J and Du L, 2015) . Briefly, the cells were enzymatically dissociated using 0.25% trypsin (Gibco-BRL) for 6 min at 37°C, and the suspension was then centrifuged at 1200 rpm for 5 min. The cells were cultured in 1:1 Dulbecco's modified Eagle's medium: Ham's F-12 medium supplemented with 10% fetal bovine serum (FBS), 0.224% NaHCO 3 , and 1% penicillin/streptomycin in a humidified atmosphere of 5% CO 2 , 95% air. A monolayer of astrocytes was obtained 12-14 days after the plating. Flasks were shaken overnight, and the non-astrocytes were removed by changing the medium. Third or fourth passage cells were rendered quiescent through incubation in medium containing 0.5% FBS for 4 days prior to the experiments. Astrocyte phenotype was confirmed by characteristic morphology and GFAP-positive staining.
Western blot
Protein was extracted from 1 cm spinal segments of injured site at 0d, 1d, 4d and 1 week following contusion (n=8 in each time point), with a buffer containing 1% SDS, 100 mM Tris-HCl, 1 mM PMSF, and 0.1 mM β-mercaptoethanol. Protein concentration in each sample was quantified by the Bradford method. Following heat denatured at 95°C for 5 min, the protein extracts were electrophoretically separated on 10% SDS-PAGE, and transferred to PVDF membranes. The membranes were incubated with primary antibodies diluted 1:500 in TBS buffer at 4°C overnight, followed by a reaction with secondary antibody conjugated with goat anti-rabbit or goat anti-mouse HRP dilution 1:1000 (Santa Cruz) for 2 h at room temperature. The HRP activity was detected using an ECL kit. The image was scanned with a GS800 Densitometer Scanner (Bio-Rad), and the data were analyzed using PDQuest 7.2.0 software (Bio-Rad). The β-actin (1:5000) was used as an internal control. Antibodies used in Western blot are: rabbit anti-MIF polyclonal antibody (Abcam, 1:200); rabbit anti-CD74 polyclonal antibody (Biorcyte, 1:500), and anti-β-actin monoclonal antibody (Proteintech, 1:5000).
Quantitative real-time polymerase chain reaction (Q-PCR)
Total RNA was extracted using Trizol (Gibco, USA) from 1 cm spinal segments of injured site at 0d, 1d, 4d and 1 week following contusion (n=8 in each time point), or from primary astrocytes challenged with recombinant MIF protein for 6 h. The first-strand cDNA was
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Milford, MA). Samples were eluted in the mobile phase, a mixture of n-heptane and 2-propanol (50:50, vol/vol). The eluted samples were then evaporated at 4°C and the residues were dissolved in 30 ml of methanol, which was then injected into the HPLC system. Samples were run in a reversed phase C18 column (150 × 4.6 mm, id, 5 μm, 100 Å Luna, Phenomenex)
connected to a guard column, and absorbance was measured at 206 nm. Methanol (100%) was used as mobile phase with flow rate adjusted at 1 ml/min for run time of 15 min.
Different concentrations (two sets: 1-100 μg/ml, volume 20 μl) of the standard in pentaplicate injected into the column showed a linear response curve for concentration versus peak area with a minimum detectable limit at 125 ng/ml and the inter-and intra-assay variations were 8.8% and 7.6% respectively. For percentage recovery analysis, different concentrations of 25-HC standard were processed for steroid extraction in the same manner as TMCM (as described above) and were injected into the column.
Tissue immunohistochemistry
The segments of injured cord were collected from 6 experimental models of each time point, post-fixed and sectioned. Sections were then incubated with mouse monoclonal anti-CH25H antibody (1:200 dilution, Abcam), rabbit anti-IBA-1 antibody (1:400 dilution, Wako), rabbit anti-S100 beta monoclonal antibody (1:400 dilution, Abcam), or monoclonal mouse anti-human GFAP antibody (1:400 dilution, Sigma) at 4°C for 36 h. The sections were further reacted with the FITC-labeled secondary antibody goat anti-mouse IgG (1:400 dilution, Gibco), or the TRITC-labeled secondary antibody donkey anti-rabbit IgG (1:400 dilution, Gibco) at 4°C overnight, followed by observation under a confocal laser scanning microscope (Leica, Heidelberg, Germany). A reconstructed gene network was created using the Ingenuity Pathway Analysis Software (IPA).
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Statistical analysis
Statistical significance of differences between groups was analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni's post-hoc comparisons tests with SPSS 15.0 (SPSS, Chicago, IL, USA). Normality and homoscedasticity of the data were verified before any statistical analysis using levene's test. Statistical significance was set at p < 0.05.
Results
Expression of CH25H mRNA was induced by MIF in the astrocytes of injured rat spinal cord
To understand the regulatory relations between MIF and CH25H, the protein levels of MIF at lesion sites were examined by western blot at 0d, 1d, 4d and 7d following rat SCI. MIF production was remarkably increased with a peak value at 4d (Figure1A). Accordingly, the expression of ch25h mRNA, which was determined by RT-PCR due to trace amount, showed a significant increase ( 
MIF robustly promoted CH25H expression of astrocytes in dose-dependent manner in vitro
To validate the regulatory roles of MIF in CH25H expression of astrocytes, the primary astrocytes with a purity > 95% were treated with 0-2.5 μg/ml rMIF protein for 6 h (Figure3A).
Detection of ch25h transcription showed that the expression of CH25H was significantly induced by MIF in dose-dependent manner (Figure3B). Consistent with those of injured cord, the expression of cyp27a1, but not of cyp46a1, was also upregulated following rMIF exposure in astrocytes (Figure3C, D) . Based on previous study illustrating that 1 μg/ml recombinant MIF is more effective in mediating intracellular signaling (DiCosmo-Ponticello CJ et al., 2014), primary astrocytes were thus stimulated at this concentration for examine the expression of CH25H. Addition of 100 μM 4-IPP for 6 h at presence of 1μg/ml rMIF protein, was able to attenuate rMIF stimulatory effects on ch25h expression (Figure3E). These results indicate that MIF directly promotes the CH25H expression in astrocytes.
MIF regulated CH25H expression of astrocytes through interaction with CD74 membrane receptor
MIF has been shown to interact with CD74 surface receptor to elicit intracellular signaling.
To explore whether MIF-induced CH25H expression in astrocytes is involved in the activation of CD74 receptor, co-immunoprecipitation was therefore carried out using anti-His and anti-CD74 antibody. As shown in Figure4A, CD74 was present in the MIF-associated complexes immunoprecipitated with anti-His antibody. The data indicate that MIF can bind with CD74 receptor of astrocytes to potentially regulate CH25H.
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In order to better clarify the relevant pathway through which MIF regulates CH25H expression in astrocytes, we further interfered the expression of CD74 receptor. Three siRNA oligonucleotides were synthesized and evaluated, and the siRNA2 with nearly 60% Oxysterol 25-HC production was increased in primary astrocytes in response to MIF challenge 25-HC has been found to be a potent regulatory oxysterol that participates in multiple physiological functions including acting as chemoattractant (Eibinger G et al., 2013) . To elucidate whether MIF-induced upregulation of CH25H is responsible for the synthesis of 25-HC, cell medium lipid extracts of MIF-treated astrocytes were analyzed by HPLC. After astrocytes treatment with 0-2.5 μg/ml rMIF protein for 6 h, the production of 25-HC remarkably increased in a dose dependent manner (Figure8A, B) . However, a prior interference of CH25H expression with siRNAs for 48 h effectively attenuated the production of 25-HC in the presence of 2 μg/ml rMIF stimulation for 6h (Figure8C, D) . The data indicate that the synthesis of oxysterol 25-HC is inducibly increased in response to MIF challenge via regulation of CH25H.
Oxysterol 25-HC promoted migration of astrocytes
To examine the effects of MIF-induced production of oxysterol 25-HC on cellular function of astrocytes, we firstly detected the expression of CCL5 and CCL12 in astrocytes challenged with 25-HC, based on the inference from transcriptome profiles (Figure7). Results showed that high concentration of 25-HC (100 μM) could significantly facilitate the production of chemokines, while low concentration did not (Figure9A, B) . Contrarily, transwell assay demonstrated that 25-HC at different concentration was able to promote the migration of astrocytes, but the oxysterol at high concentration (100 μM) exhibited a decreased promotion effect (Figure9C, D) . Detection using CCK8 revealed that 25-HC attenuated cell viability in dose-dependent manner (Figure9E). These data indicate that MIF-induced release of 25-HC contributes to promoting cell migration, in addition to mediating the production of chemokines.
Discussion
In the CNS, especially in the brain, cholesterol participates in multiple physiological functions, including membrane trafficking, signal transduction, myelin formation and ACCEPTED MANUSCRIPT M A N U S C R I P T 14 synaptogenesis (Ferris HA, et al., 2017; van Deijk AF, et al., 2017) . Astrocytes synthesize and release lipids that are complexed to apolipoprotein E (ApoE)-containing lipoproteins (Nieweg K et al., 2009; Pfrieger FW and Ungerer N, 2011) . These lipoproteins are taken up by neurons for functions of CNS development and normal physiology (van Deijk AF, et al., 2017) .
Therefore, loss of astrocyte cholesterol synthesis has been found to disrupt neuronal function and alters whole-body metabolism (Ferris HA, et al., 2017) . Traumatic injury of CNS leads to accumulation of excessive cholesterol, resulting from disruption of cholesterol delivery to neuron, neuronal membrane debris, as well as massive proliferation of astrocytes (Kay AD, et al., 2003; Smiljanic K et al., 2010) . Concomitantly, cholesterol metabolism-related enzymes are inducibly expressed for elimination of this cholesterol excess with an alteration of pathology. For example, CYP46A1 has been found to be expressed in different types of glial cells at lesion sites of injured brain, contributing to removal of damaged cell and re-establishment of the brain cholesterol homeostasis (Smiljanic K, et al., 2010) . The expression of CYP46A1 is also increased to protect the ex vivo rat retina from injury (Ishikawa M et al., 2016) . Astrocytes are suggested to be one of important glial cells that participate in cholesterol metabolism (Rutkowska A, et al., 2016) . To date, little information is available about the cell-specific and functional study of CH25H in the injured CNS, especially for the spinal cord. In the present study, we have shown that CH25H is inducibly expressed in the astrocytes in response to the SCI, which is involved in the progressive neuropathology.
Several cytokines have been documented to activate the expression of CH25H in the immune cells. TLR agonists including poly I:C and LPS can induce ch25h expression of bone marrow-derived dendritic cells (BMDCs) and macrophages rapidly and robustly (Bauman DR, et al., 2009; Diczfalusy U, et al., 2009) . The increased ch25h expression was found to be independent of Myeloid differentiation protein 88 signaling but dependent on TLR4 signaling (Diczfalusy U, et al., 2009) . The type I interferons are also capable of activating ch25h expression of dendritic cells and macrophages. Treatment of BMDCs and macrophages with IFN-α or IFN-β promotes Ch25h expression in a STAT1-dependent manner, suggesting multiple pathways for regulating the production of this enzyme (Park K and Scott AL, 2010) .
In human U87MG and GM133 glioblastoma cell lines, stimulation with TNF-α or IL1β will
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A C C E P T E D M A N U S C R I P T 15 significantly induces transcription and translation of CH25H. Taken together, it seems that a variety of cytokines are responsible for inducing CH25H expression using multiple signal pathways. Spinal cord injury triggers acute inflammatory response during which the resident and infiltrating immune and glial cells are rapidly motivated to release various cytokines and chemokines (Babcock AA et al., 2003; Gadani SP, et al., 2015; Hausmann ON, 2003) . MIF has been shown to be inducibly produced in the neurons, glial cells and inflammatory cells of injured cord (Koda M, et al., 2004; Nishio Y, et al., 2009; Su Y, et al., 2017; Zhou Y, et al., 2018) . The increased protein level of MIF is able to promote ch25h expression in astrocytes, providing a novel mechanism for cholesterol metabolism following CNS injury. It is interesting to note that stimulation of primary astrocytes with different concentration of rMIF failed to change the expression of cyp46a1, whereas treatment of the injured cord with MIF inhibitor 4-IPP showed a rescue effects on the decreased expression of cyp46a1 in the tissues, the underlying mechanism deserves further study.
25-HC, once synthesized by CH25H, may contribute to inflammatory activation, and consequently to the development of major chronic diseases, such as atherosclerosis and neurodegenerative diseases (Poli G et al., 2013) . The immune-related functions of 25-HC have been found to regulate immunoglobulin A production (Bauman DR, et al., 2009) , to promote formation of macrophage foam cell (Gold ES et al., 2012) , to augment the production of some inflammatory cytokines including IL-6 and IL-1β (Gold ES, et al., 2014; Koarai A et al., 2012) . 25-HC stimulates inflammation through promoting NLRP3 inflammasome assembly and activation via potassium efflux-, mitochondrial reactive oxygen species (ROS)-and liver X receptor (LXR)-mediated pathways (Jang J, et al., 2016) .
Epstein-Barr virus (EBV)-induced gene 2 (EBI2), a G protein-coupled receptor, is the critical 7α25-HC interacting receptor that is highly expressed in the cells of the immune system (Benned-Jensen T et al., 2012) . EBI2 signals through Gi protein to activate downstream pathways that are involved in inflammation (Nieweg K, et al., 2009) . Also, activation of EBI2 is able to promote migration of astrocytes (Rutkowska A et al., 2015) . It is noteworthy that 25-HC exhibits interaction with the LXR, to promote migration of monocytes (Makoukji J, et al., 2011) , to suppress myelin gene expression in peripheral nerves (Eibinger G, et al., 2013) .
Meanwhile, this oxysterol is able to stimulate LXR-independent oligodendrocyte apoptosis ACCEPTED MANUSCRIPT
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16 (Trousson A et al., 2009) . In the present study, we have shown that 25-HC plays role on astrocytes migration, but also decreases cell viability in a dose-dependent manner, suggesting that effects of 25-HC on astrocytes might be through LXR-dependent and -independent pathways. However, the related mechanisms need to be further clarified.
In conclusion, the protein level of MIF was increased following SCI, which promoted the expression of CH25H in the activated astrocytes. CH25H in turn was effective in converting the cholesterol into 25-HC to facilitate cell migration. following astrocytes treatment with 0-2.5 μg/ml rMIF for 6h; e-g The expression of ch25h, cyp46a1 and cyp27a1 was determined by RT-PCR following astrocytes treatment with 1μg/ml rMIF for 6h in the presence of 100 μM 4-IPP. Experiments were performed in quintuplicates.
Error bars represent the standard deviation (P < 0.05). Scale bars, 50 μm. 
